Abstract: Thermally tunable sampled grating distributed Bragg reflector (SG-DBR) lasers are very attractive for applications of optical coherent systems, where light sources with narrow linewidth are key requirements. In this paper, we focus on the thermal tuning efficiency and the thermal stress field of such lasers. The influence of a thermal isolation (air trench) design on the tuning efficiency of the laser is analyzed by using a thermal model based on the finite-element method (FEM) at first. The thermal tuning efficiency is found to be tenfold improved if the air trench is used. Influences of the air trench geometry configurations on temperature and thermal stress field are then examined in detail. Simulation results indicate that the most dangerous positions that can crack always appear at the output port and the corner of the air trench structure contact with the n-InP layer. The air trench geometry configuration of an SG-DBR laser is finally optimized (with a width of 70 m and a thickness of 1 m) to ensure the reliability and the quasicontinuous wavelength tuning range of the device at the same time. With the optimized design, by using a developed temperature-dependent transfer matrix method-based optical model, optical output characteristics of the thermally tunable SG-DBR laser are demonstrated, including the output wavelength for the tuning range (1525-1585 nm covering C band) and the linewidth for all the channels (several tens to several hundreds of kilohertz). The simulated results have been found to be in good agreement with the experimental measurements previously reported, which are helpful to the thermal management and the design optimization of such devices.
Introduction
Booming content-rich data and fast-growing Internet traffic have given rise to increasing demand for large-capacity and high-speed fiber-optical transmission. With the rapid development of optical fiber communication technologies, the monolithically integrated tunable laser has become one of the core components (light source) in dynamic wavelength division multiplexing (WDM) optical networks [1] , [2] .
One of the most successful devices is sampled grating distributed Bragg reflector (SG-DBR) laser which is based on current injection tuning mechanism as usual and comprised of one active section and three passive tuning sections. The SG-DBR laser can offer compelling merits in terms of small volume, low power dissipation, wide wavelength tuning range, flexible output wavelengths, etc. [3] . However, such SG-DBR lasers suffer excess linewidth broadening [4] , [5] due to employing current injection tuning mechanism, and are prevented from achieving narrow linewidth for applications in many fields, including optical coherent system [6] , high-resolution spectroscopy [7] , interferometric sensors [8] , microwave photonics [9] , coherent laser radar [10] , etc.
At this point, thermally tunable SG-DBR laser with narrow linewidth seems more attractive. H. Ishii et al. [11] reported their thermally tunable super-structure-grating (SSG)-DBR laser with on-chip thin-film microheaters achieved narrow linewidth below 400 kHz in a wide quasicontinuous tuning range over 40 nm. Larson et al. [12] fabricated an improved thermally tunable SG-DBR with thermal isolation layers inside. An over 40 nm tuning range was achieved with total tuning heater power dissipation under 120 mW and the linewidth was below 300 kHz. Eriksson et al. [13] designed a novel structure of the thermal isolation layer in their thermally tunable semiconductor laser by using vertical dielectric support pillars securing the suspended waveguide to achieve deeper trenches and improve thermal tuning efficiency.
Thermal design of integrated optical devices is becoming an important issue, since thermal characteristics (including temperature distribution, thermal stress distribution and thermal deformation) in semiconductors are related to device's efficiency, reliability and performances [14] - [17] . Xi et al. [14] proposed a C-Mount package semiconductor laser model and investigated the thermal characteristics of the semiconductor laser with different kinds of heat sink materials. Finally they selected optimum materials of heat sink and solder in the laser package with safe thermal stress and deformation distributions. Cooper [15] fabricated a thermally tunable Bragg grating device in a silica-on-silicon integrated optical chip, incorporating a suspended microbeam improving power efficiency. The influence of stress-induced buckling in device fabrication was also analyzed.
As the first part of this work, we investigate thermal tuning efficiency (from power dissipation view) and thermal stress field (which affects device's reliability) of the thermally tunable SG-DBR laser. By using a thermal model based on finite element method (FEM), static temperature distributions of the thermally tunable SG-DBR laser with/without thermal isolation layer (air trench) are simulated, respectively. Influence of the thermal isolation design on the tuning efficiency of each tuning section of the laser is discussed at first. Influences of the air trench geometry configurations on temperature and thermal stress field are then examined in detail. To promise device's reliability and quasi-continuous wavelength tuning range (cover C-band) at the same time, the air trench geometry configuration is optimized. Finally, with the optimized design, output characteristics of the thermally tunable SG-DBR laser are demonstrated by using a developed temperature-dependent transfer matrix method (TMM) based optical model, including output wavelength for tuning range and linewidth for all the channels.
Model description

Physical Model
The schematic structure of thermally tunable SG-DBR in this study is represented in Fig. 1 , similar to that in [11] and [12] . It consists of one active section and three tuning passive sections, including front mirror section, phase section, and rear mirror section. In the longitudinal direction, the three tuning sections of the chip have the similar cross structure [18] .
As cross section of the device shown in Fig. 1(b) , a common p-doped InP upper cladding layer with ridge-type and a n-doped InP lower cladding layer are fashioned to a p-InGaAsP waveguide layer respectively in all the sections. An ohmic contact is made to the active section through the P + -InGaAsP contact layer atop the ridge. Thin film microheaters are made to the tuning sections with contact pads on both ends. Similar to the structure described in references [12] , [19] , a thermal isolation layer (air trench with width a m and thickness b m) is designed in InGaAs layer (with width 300 m and thickness 2 m) below the n-InP buffer layer in each tuning section, with the same length as that of corresponding tuning section. The other structure parameters are same to that in [18] . In this study, to simplify the complex 3-D multi-physics coupling simulations, all the materials are assumed to be thermal linear elastic before they yield [20] . Materials properties including the density , the specific heat C, the thermal conductivity K , the ohmic resistivity R, the Young modulus E , the Poisson's ratio v and the coefficient of thermal expansion (CTE) are regarded as temperature-independent as listed in 
Mathematical Model
Thermal Conduction Model
The complete form of thermal conduction equation is where ðx ; y ; zÞ is the space coordinates, T is the temperature, t is the time, and Q ðx ; y ; z; t Þ is the heat generation rate defined as heat generation power in unit volume. The static form of thermal conduction equation is K r 2 T ðx ; y ; zÞ þ Qðx ; y ; zÞ ¼ 0:
Then, heat generation rates Q of different epitaxial layers need to be discussed at first. The three passive sections have a similar cross section in the longitudinal direction as shown in Fig. 1(b) . Heat generation rates of different epitaxial layers of the active section are the same as those in [18] . However, in the thermally tunable SG-DBR laser, thin film heater of each passive tuning section is the only heat source, so the heat generation rates Q i (i ¼ f , p and r ) of the heaters are
where P i is the effective heating power, and V h i is the volume of the heater. The subscripts f , p, and r denote the front, phase, and rear section, respectively. Initial temperatures of the structure and environment are both set 300 K. As the SG-DBR laser is packaged on an AlN submount which is placed on a very large heat sink. Comparing to the chip and submount, heat capacity of the heat sink is much larger, thus we assume temperature of the bottom surface of the submount (contact surface with heat sink) is 300 K as a constant temperature condition. In addition, we assume heat convection conducts among all the surfaces of the device (except the bottom surface) and the environment. The heat exchange coefficient h is set 20
Thermoelasticity Model
In this study, we calculate the thermal stress field by using similar thermal stress analysis method utilized in [14] and [16] . As most of semiconductor materials are elastoplastic, we generally assume they are thermal linear elastic before yield [20] . In thermoelastic problems, taking temperature field into account, we numerically solve equilibrium differential equations, geometric equations and constitutive equations based on FEM and finally evaluate the thermal stress field. The governing equations are as follows:
Equilibrium differential equations can be simplified as
where s ij is the stress tensor; F i is the volume force; and the subscript, x , y , and z indicate the components along corresponding spatial coordinates. In this study, F i is constant zero. Geometric equations identify the displacement and strain relations in a dimensionless form which can be simply expressed as
where e ij is the strain tensor, and ðU x ; U y ; U z Þ ¼ ðu; v ; w Þ is the displacement vector. Constitutive equations describe the stress and strain relations in a dimensionless form
where D is the fourth-order elasticity tensor, ":" stands for the double-dot tensor product, s ij 0 and E ij 0 are initial stresses and strains, E ij th are the thermally induced strains, and is the CTE. By numerically solving these coupling equations (1)- (6) based on FEM, the temperature field and thermal stress field are obtained. Initially, the structure is placed at room temperature, we consider its deformation and forces (including internal and external forces) to it are all zero. All the domains are set under free condition. The AlN submount is packaged on the large heat sink; therefore, the bottom surface of the submount is set as fixed constraint condition.
Temperature-Dependent Transfer Matrix Method Based Laser Optical Model
A conventional TMM based laser optical model can simulate many static output characteristics, such as output wavelength, threshold carrier density, threshold current and output power, etc. Fundamentals of TMM can be found in [23] and [24] . Simply, we divide the SG-DBR laser into several units along the direction of light propagation (z-axis) as transfer matrix form: T front , T active , T phase , and T rear corresponding to four sections, to describe the propagation of optical field, as shown in Fig. 2 . The total transfer matrix can be expressed as
In this study, we develop a temperature-dependent TMM based optical model for thermally tunable SG-DBR laser to calculate the static output wavelengths. We heat the thin film heaters of three tuning (passive) sections to change their temperature distributions. From the physical point of view, when the temperature changes, the band gap of semiconductor changes accordingly, furthermore, the refractive index of the material changes [25] . The temperature-dependent physical parameters we focus on are as follows:
where @n=@T is the refractive index derivative with regard to the temperature [18] , [26] . In this study, we set it with 7 Â 10 À4 K
À1
Carrier density at transparency N tr ðT Þ :
where N 0 ðT Þ and g N0 ðT Þ are the transparent carrier density and the gain coefficient under the room temperature T 0 (300 K), respectively. The dependence of gain spectrum on wavelength is represented by a modified temperaturedependent parabola model as
where g is the gain, N is the carrier density, ! is the optical field angular frequency, g ! is the gain curvature, and ! p is the shift of gain peak with carrier density. Equation (8) is used in transfer matrix of the tuning sections while (9)-(11) are used in that of the active section. Substituting the temperature-dependent physical parameters into the transfer matrix in (7), we can finally get a new temperature-dependent total transfer matrix T total . According to the threshold condition (or lasing condition) [24] , we can solve out the static output wavelength.
Results and Discussion
Static Temperature Distributions in Thermally Tunable SG-DBR Laser
By using the thermal model [18] based on FEM, we obtain static temperature distributions in the thermally tunable SG-DBR laser when I a ¼ 100 mA, P f ¼ 45 mW, P r ¼ 60 mW, and P p ¼ 0 as shown in Fig. 3(a) without, (b) with thermal isolation layer, its width a is 80 m, and thickness b is 1 m. As shown in Fig. 3(a) , in the longitudinal direction and along the z-axis, we draw a reference line across the center of the active layer to help us analysis the temperature distribution. If without thermal isolation layer, we find the temperature rise of each tuning section along the reference line is less than 7 K as the blue line shown in Fig. 3(c) , and it is obviously not substantial to promise quasi-continuous wavelength tuning. This is because the thermal conductivity of the adjacent epitaxial layers are similar, in other words, thermal resistance between each layer are not very large so that heat generated by the heaters flows vertically across each layer and finally get to the heatsink almost without any "block." To solve this problem, a thermal isolation region consist of material with very small thermal conductivity (air trench are used in this study) is designed below the n-InP buffer layer, similar to [12] . Then the thermal resistance between n-InP buffer layer and InGaAs layer is large enough, and that makes the heat generated by microheaters flows laterally and bypasses the air trench. As a result, the heat concentrates in the domains upon the air trench as shown in Fig. 3(b) and much higher temperature rises (over 60 K) are obtained as the red line shown in Fig. 3(c) .The thermal tuning efficiency are tenfold improved when using the same amount of heating power.
Further, Fig. 4 shows the linear relationships between average tuning temperature and heating power of front/rear mirror section. From the view of power dissipation, when the air trench geometry configuration changes, if the target temperatures in front/rear mirror section are the same (e.g., 360 K), the needed heating powers are quite different. From this angle, to estimate thermal tuning efficiency of the laser, without taking the reliability into account, it is obvious that wider and thicker air trench can provide us higher thermal tuning efficiency.
Influences of Air Trench Geometry Configurations on Temperature and Thermal Stress Field
In this study, the air trench is etched in the InGaAs layer which is below the n-InP buffer layer. This design makes the adjacent active layer suspended. Moreover, as shown in Fig. 3 , the temperature distribution in the laser is nonuniform. The CTE of each layer, especially the CTE of the air and the domains around, are quite different. Unfortunately, this may lead to quite sensitive and complicated thermal stress field distributions, which is a seriously crucial problem affects output characteristics and reliability of our device. In this case, we lay emphasis on a detailed temperature and thermal stress analysis of the domains around the air trench as shown in Fig. 5(c) . Fig. 5(a) and (b) show the schematic structure and cross section of the SG-DBR laser, and (c) gives the component diagram of the air trench and simulated domains around the trench, consist of n-InP buffer layer and InGaAs layer.
As the structure of each tuning section is quite similar, we take the domains around the air trench in the front mirror section as our analysis object, the heating power of front mirror section P f is 45 mW and the injection current of active section I a is 100 mA. Here, by using the thermal model based on FEM, von Mises stress which follows the Forth Strength Theory (the maximum distortion energy theory) is used to evaluate the equivalent stress distribution and total displacement is used to describe the deformation so that we can quickly and efficiently find out the most dangerous positions in our device.
As the temperature distributions illustrated in Fig. 6(a) -(c), we infer that most of the heat concentrates within the center area of the n-InP layer above the air trench along z-axis. The maximum temperature position moves within this area if we change width or thickness of the air trench. This is because, when we change the air trench under constant heating power, the temperature of front mirror section rises while the temperature of active section is constant, then there will be an new temperature balance between these two sections. From the von Mises stress diagram Fig. 6(d)-(f) , we notice that von Mises stress in the center area of the n-InP layer above the air trench along z-axis are obviously larger than that of the rest. The maximum von Mises stress point appears at the corner of the air trench structure contact with n-InP layer. As illustrated in Fig. 6(g)-(i) , the maximum total displacement point appears at the area of output port of the laser. In this case, we infer that the most dangerous positions that can crack always appear at the output port of the device.
To do further device optimization, it's necessary to analysis the maximum value changes of the temperature, von Mises stress and total displacement ðT max ; S vM max ; D max Þ with different air trench geometry configurations. First of all, we discuss the influence of different widths a (from 40 to 160 m) of the air trench on temperature and thermal stress field. As illustrated in Fig. 7(a) , if thickness of the air trench b is set 1 m, T max , S vM max and D max will increase with a increases. Meanwhile, the rising slopes of T max and S vM max gradually decrease while that of D max increases. In detail, we analyze the curves of T max , S vM max , D max with variable widths, in three cases: b ¼ 0:6, 1.0 and 1.4 m, respectively. From Fig. 7(b) , we notice that there are some differences between the values of T max when we take thermal stress field into account or not, however, as the tunable output wavelength is one of the accurate optical output characteristics which are sensitive to the temperature, the influence of thermal stress field on temperature distribution cannot be ignored in practice. If b is larger, the difference becomes more obvious. As shown in Fig. 7(b)-(d) , if b in these three cases is selected the larger one (e.g., b ¼ 1:4 m), the amplitudes of curves of T max , S vM max , and D max are larger. If their values are too large (e.g., S vM max is larger than the yield strength [20] of material), the device may crack. Moreover, trends of the curves in the cases with different thickness configurations are similar.
Then, we discuss the influence of different thicknesses b (from 0.2 to 1.8 m) of the air trench on temperature and thermal stress field. As illustrated in Fig. 8(a) , if width of the air trench a is set 40 m, T max and D max will increase with b increases, while their rising slopes will gradually decrease. Meanwhile, S vM max decreases at first ðb ¼ 0:2 $ 0:65 mÞ and then flattens out gradually ðb ¼ 0:7 $ 1:8 mÞ. In detail, we analyze the curves of T max , S vM max and D max with variable thicknesses, in three cases: a ¼ 40, 60 and 80 m, respectively. As Fig. 8(b)-(d) shown, if a in these three cases is selected the larger one (e.g., a ¼ 80 m), amplitudes of curves of T max , S vM max , and D max are larger. Moreover, in Fig. 8(b)-(d) , trends of the curves in the cases with different width configurations are similar.
Based on these simulation results, clearly there is a tradeoff between the reliability (smaller stress and displacement) and the thermal tuning efficiency (higher temperature rises) of our device as we need substantial temperature rises to ensure quasi-continuous wavelength tuning range and reliability at the same time. 
Output Characteristics of Thermally Tunable SG-DBR Laser
Since the thermal tuning wavelengths of thermally tunable SG-DBR laser drift with coefficient of thermal tuning 0.1 nm/K as usual [11] , to promise quasi-continuous wavelength tuning, the minimum tuning temperature rises of front/rear mirror sections are both set at least 60 K ðT 0 ¼ 300 KÞ. This is because the necessary condition for quasi-continuous tuning is the peak spacing must be equal to or smaller than the peak shift [11] with typical value about 6∼9 nm (we use 6 nm in this work).
By using the temperature-dependent TMM optical model, we obtain the output wavelengths (1525∼1585 nm covering C band) with different front/rear tuning temperatures (within both 360 K, when I a ¼ 100 mA, P p ¼ 0 and the maximum heating powers of front/rear mirror section are set 45 mW and 60 mW, respectively) as shown in Fig. 9 . Fig. 9(a) shows the 3-D fan shaped wavelength tuning curve including longitudinal modes (small steps) and super-modes (large steps). Fig. 9(b) shows the 2-D wavelength tuning curve: each small closed region presents the longitudinal mode corresponding to each small step in Fig. 9(a) . Combining with the relationships between tuning temperature and heating power of front/rear mirror section, take a ¼ 80 m, b ¼ 1 m for example, the thermal tuning efficiency of front/rear mirror section are 0.137 nm/mW and 0.105 nm/mW, respectively (very close to the value described in [27] ). In this case, combing with the analysis on thermal tuning efficiency and thermal stress field of the device, we need to optimize the air trench geometry configuration to promise the quasicontinuous wavelength tuning range with substantial temperature rises and the reliability of our device at the same time. The appropriate width a and thickness b are found to be 60∼80 m and 0.6∼1.8 m respectively to compromise the tradeoff as shown in Fig. 8(b) and (c) . Therefore, the optimum air trench geometry configuration in the thermally tunable SG-DBR laser is suggested to be width 70 m and thickness 1 m here.
Compared with the current injection tunable laser, the thermally tunable laser has a remarkable advantage: There is no current-induced shot noise and tuning loss in passive tuning sections so that the linewidth of thermally tunable SG-DBR laser is much narrower (several-ten to several-hundred kHz, one order of magnitude smaller than that based on current injection tuning mechanism) as shown in Fig. 10 , which is simulated based on the transmission line laser model [28] . These simulated results have been found to be in a great agreement with the experiment results in [12] .
Conclusion
In this work, we have investigated thermal tuning efficiency (from the power dissipation view) and thermal stress field (which affects reliability of device) of the thermally tunable SG-DBR laser. By using the thermal model based on FEM, static temperature distributions of the thermally tunable SG-DBR laser with/without thermal isolation layer (air trench) are simulated, respectively. The influence of thermal isolation design on the tuning efficiency of each tuning section of the laser is analyzed at first. Further, relationships between the tuning temperature and heating power of front/rear mirror sections are discussed. The thermal tuning efficiency is found to be tenfold improved if the air trench is used. Then influences of the air trench geometry configurations on temperature and thermal stress field are examined in detail. We find the most dangerous positions which are possible to crack always appear at the output port and the corner of the air trench structure contact with n-InP layer. In addition, as the tunable output wavelength is one of the accurate optical output characteristics which are sensitive to the temperature in thermally tunable SG-DBR laser, influence of thermal stress field on temperature distribution cannot be ignored in practice. To promise the reliability and the quasi-continuous wavelength tuning range of the device at the same time, the air trench geometry configuration of the SG-DBR is optimized with width 70 m and thickness 1 m. Finally, with this selected optimum geometry configuration, output characteristics of the thermally tunable SG-DBR laser are simulated by using the temperature-dependent TMM optical model, including output wavelength for tuning range and linewidth for all the channels. Tuning range (1525∼1585 nm covering C band) and narrow linewidth (several-ten to several-hundred kHz and one order of magnitude smaller than that of laser based on current injection tuning mechanism) have been demonstrated.
Simulated results have been found to be in good agreement with experimental measurements reported previously and helpful to the thermal management and design optimization of such devices.
